cedure produces inconclusive results in 9%-63% of cases, depending on the quality of anaerobe culturing [6] .
PCR-amplified 16S ribosomal DNA (rDNA) sequencing was recently used to overcome the limitations of culture-based bacteria detection in brain abscess pus specimens, and it was demonstrated to be effective for documentation of monomicrobial infection after antibiotic treatment. Unfortunately, this procedure failed to discriminate among mixed flora [8] [9] [10] [11] . As such, we suspect that the number of species associated with brain abscess is much larger than previously expected.
The purpose of this investigation was to analyze and evaluate the bacterial flora responsible for brain abscess by comparing standard culture technique to the following 3 techniques using 16S rDNA amplification: (1) direct sequencing (providing a single sequence), (2) multiple sequencing following cloning (providing ∼100 different sequences), and (3) multiple sequencing via high-throughput pyrosequencing with use of the 454 Life Sciences-Roche platform. These approaches have been previously used to explore mixed dental, vaginal, pulmonary, and intestinal flora [12] [13] [14] [15] [16] [17] [18] . The 20 case studies presented here indicate a tremendously expanded spectrum of bacterial species associated with brain abscess, including 27 species never before described in relation to this condition.
MATERIALS AND METHODS
Patients and clinical specimens. This study includes 20 patients who underwent surgical drainage of brain abscess in Marseille, France, hospitals during the period January 2005 through December 2007. Brain abscess was defined as a localized suppurative focus that was visible by CT or MRI and for which histological analysis confirmed the presence of pus and excluded the presence of cancerous and lymphomatous cells. Demographic data were anonymously collected for each patient and included age, sex, potential source of contamination, and underlying predisposing factors (table 1) . The study was approved by the local ethics committee. Pus specimens were collected in operating rooms equipped with laminar flow systems and high-efficiency particulate air filters, using sterile devices with aseptic, surgical procedures in sterile tubes and immediately sent to the bacteriology laboratory for culture and molecular investigations. Microbiological methods. Pus specimens were microscopically examined after Gram staining to note the presence of polymorphonuclear leukocytes and bacteria. They were then plated on blood agar and chocolate agar plates (bioMérieux) and incubated at 37ЊC under 5% CO 2 and in anaerobic conditions. The plates were examined daily for the presence of colonies over the course of 10 days. Pure bacterial cultures were obtained from isolated colonies and identified using the Vitek 2 instrument and API identification strips (bioMérieux). Cell culturing of human embryonic lung and endothelial cells was performed with use of the shell-vial centrifugation technique [19] for specimens preserved at Ϫ20ЊC in case the axenic media remained sterile. The isolates were molecularly identified via 16S rDNA sequencing [20] .
Direct detection of organisms by PCR in brain abscesses. Molecular detection was performed by 16S rDNA amplification and sequencing using 3 levels of depth (figure 1). Amplicons can be directly sequenced (single sequencing). In some samples, this was troublesome, because sequences demonstrated evidence of mixed infection (figure 1). To detect mixed infection, we analyzed multiple sequences using 2 methods. We first tested 125 different sequences after cloning into Escherichia coli. We later used high-throughput pyrosequencing on the amplicons, which permitted us to obtain 250,198 kb of sequence-that is, 2612 different sequences in 1 test. A 98.5% 16S rDNA sequence similarity was used to delineate species [21] . The 16S rDNA sequences representing novel phylotypes were deposited in GenBank (table 2) .
Direct 16S rDNA PCR amplification and sequencing. After proteinase K treatment and mechanical lysis using the FastPrep FP120 instrument (BIO101 Systems), complete DNA was extracted from pus specimens using the MagNA Pure LC DNA isolation kit II and the MagNA Pure LC instrument (Roche) . Negative controls, which included sterile water instead of DNA, were run in parallel. After decontamination of the PCR mix by incubation with AluI [22] , 16S rDNA PCR amplification and sequencing were performed as described elsewhere [20] . Purified sequencing products were analyzed on an ABI PRISM 3130X Genetic Analyzer (Applied Biosystems). Sequences assembled using SEQUENCHER software (Applied Biosystems) were compared with those deposited in the National Center for Biotechnology Information GenBank database using the BLAST program (http://www.ncbi.nlm.nih.gov). The b-globin gene was amplified in parallel using the primer pair KM29 (5 -GGT TGG CCA ATC TAC TCC CAG G-3 ) and RS42 (5 -GCT CAC TCA GTG TGG CAA AG-3 ) to ensure DNA extraction efficiency and the absence of PCR inhibitors (table 1).
Cloning PCR-amplified 16S rDNA. The PCR-amplified 16S DNA was cloned using the pGEM-T Easy Vector System with JM109 competent E. coli (Promega) in accordance with the manufacturer's instructions. For each pus specimen, 125 white colonies were analyzed by PCR amplification using the universal primers M13d and M13r. Chimeric sequences found in the libraries using the CHIMERA_ CHECK program of the Ribosomal Database Project II [23, 24] were excluded from the analysis.
16S rDNA high-throughput pyrosequencing. The 16S rDNA amplified from the specimen of one patient was purified and sequenced using the GS FLX platform (454 Life SciencesRoche) on a PicoTiterPlate (PTP) with 8 regions 40 ϫ 75 (Roche) [25] . Reads exhibiting a sequence similarity у98.5% and a 90% sequence coverage with any hit in the Ribosomal Database Project II (http://rdp.cme.msu.edu/) using the BLAST algorithm were identified at the species level; reads exhibiting 97%-98.5% sequence similarity and a sequence coverage у90% were identified at the genus level; and reads exhibiting a sequence similarity !97% were not classified. The number of reads assigned to a given species or genus was calculated. Only species and genera that collected 110 reads were kept for primer design and PCR amplification control. The Nucmer function from the MUMmer 3.20 package [26] was used to map the reads classified in a species onto the reference 16S rDNA. Default parameters were used.
Literature search strategy and selection criteria. The PubMed database was searched for articles published during the period 1980 through April 2008 with the combined search term "brain AND abscess." Additional articles were identified by hand-searching the bibliographies of selected papers. The strategy was developed by splitting the review into its elemental facets. Additional search terms included "microbiology," "bacteriology," "16S," "molecular," "detection," "metagenomics," "Mycoplasma hominis," "Mycoplasma faucium," and "Mycoplasma orale." The publication language was restricted to English. The bibliographies of key references were later handsearched to identify articles missing in the database search.
RESULTS

Patients.
Twenty patients were prospectively included in this study (table 2) , including 15 male patients (75%) and 5 female patients (25%). The mean age of patients was 54.5 years (range, 14-76 years), and there were 2 children aged !15 years. Headache was the most common clinical manifestation and was observed in 10 patients; fever and motor weakness were observed in 7 patients; vomiting and/or nausea, alterations in consciousness, and aphasia were observed in 6 patients; visual problems were observed in 4 patients; weight loss was observed in 3 patients; other neurological manifestations were observed in 3 patients; convulsions were observed in 2 patients; and vertigo was observed in 2 patients. CT and MRI detected a single brain abscess in 15 patients (75%) and multiple brain abscesses in 5 patients (25%). A solitary abscess was localized to the parietal lobe in 5 patients, to the frontal lobe in 4 patients, to the occipital lobe in 2 patients, to the temporal lobe in 2 patients, to a frontoparietal location in 1 patient, and to a parieto-occipital location in 1 patient. Brain abscess after neurosurgery occurred in 4 patients (25%), whereas contiguous infection after sinusitis or dental abscess was the second most frequent source of brain abscess in 7 patients (35%). Aggregatibacter aphrophilus pneumonia was a possible source of hematogenous spread in 1 patient, whereas no primary source could be identified in 8 patients (40%). Underlying conditions were noted for 9 patients. Direct microscopic examination of pus revealed bacteria in 9 patients, whereas cultures yielded 1 bacterial species in 12 patients (60%), yielded 2 bacterial species in 5 patients (25%), and were sterile in 3 patients (15%). The negative controls remained negative in all PCR experiments. Discrepancy between culture and molecular detection. Direct 16S rDNA PCR amplification results were negative for 1 specimen and positive for 19 of 20 specimens, including 5 instances in which mixed flora were detected because of troubled sequences. Altogether, direct 16S rDNA sequencing performed marginally worse than cultures ( , by analysis P p .048 of variance). Among the 14 interpretable sequences, Streptococcus intermedius was detected in 5 patients. Further identifications included Acinetobacter calcoaceticus, M. hominis, Bacteroides fragilis, Serratia marcescens, Streptococcus pneumoniae, Nocardia cyriacigeorgia, Neisseria species, A. aphrophilus, and Staphylococcus aureus (1 patient each). In 9 specimens, the same bacterial species were detected by culture and direct 16S rDNA sequencing. One specimen that yielded negative results by 16S rDNA PCR detection (the b-globin positive control yielded positive results) exhibited the presence of Nocardia species by cell culture. Three specimens that had negative culture results yielded 1 bacterial species by direct 16S rDNA PCR. In 1 case, culture yielded Klebsiella oxytoca, whereas direct 16S rDNA sequencing yielded B. fragilis. For 4 specimens, cultures yielded Streptococcus species mixed with another bacterial species, which agreed with direct 16S rDNA sequencing that indicated mixed flora. For 1 specimen, culture yielded S. intermedius and Staphylococcus epidermidis, whereas direct 16S rDNA sequencing identified only S. intermedius. For 1 specimen, culture yielded Streptococcus species, whereas direct 16S rDNA sequencing exhibited mixed flora.
Multiple sequencing of amplicons.
A total of 2100 nonchimeric inserts of ∼1500 bp were sequenced, corresponding to 1100 clones for each pus specimen. In 11 specimens, only 1 bacterial species was detected that was identical to that detected by direct 16S rDNA sequencing. In 8 patients, clone library analysis identified bacteria that had not been found using direct 16S rDNA sequencing (table 2). A total of 2612 reads, with a mean length of 95.78 bp, were obtained after the pyrosequencing of patient 10. In this patient, 2 bacterial species were found by culture, 10 were found by multiple sequencing after cloning, and 16 were found by high-throughput multiple sequencing (figure 2). Altogether, 72 bacterial strains were identified, compared with the 22 species identified by culture ( , by analysis of variance test); 8 mixed infections P p .017 were identified, compared with 5 identified by culture (P p ). nonsignificant
DISCUSSION
The current knowledge base of bacteria that cause brain abscesses relies on cultures of pus specimens collected after neurosurgical drainage [1, 27, 28] . In this study, bacteria were microscopically observed in 45% of patients, whereas culturing on axenic media yielded bacteria in 80% of patients. No isolate was obtained from patients who received antibiotics at the time of pus collection (patients 1 and 17), as has been reported elsewhere [2, 11, 27] . One Nocardia strain was isolated with use of only a cell culture system. The spectrum of bacteria isolated from brain abscess pus highly depends on the atmosphere and culture media used to inoculate the specimen. In particular, the prevalence of anaerobic bacteria is highly variable, because these bacteria require adequate transport conditions and special care in the laboratory, which were not systematically achieved in our study. In fact, no anaerobic bacterium was cultivated in this study, in contrast with the reported prevalence of anaerobes reported in other studies [29] . This fact limits the value of our comparison between culture and molecular diagnostic tools. Molecular detection pointed to mixed flora, including anaerobes, in patients with underlying dental or sinus infection.
In this study, pus was collected into a sterile tube using sterile devices and surgical procedures, virtually eliminating the risk of perioperative contamination of the pus specimen. Absence of intralaboratory contamination was interpreted by the negativity of negative controls and the general concordance of various methods. S. epidermidis, which was isolated from 2 patients, was interpreted as a contaminant during processing of the specimen. Indeed, S. epidermidis organisms were found by culture only and were not detected by direct or multiple 16S rDNA gene sequencing. In both cases, other organisms, including S. intermedius, were consistently found by culture and molecular detection. Except for S. epidermidis, all organisms herein reported were regarded as authentic-that is, indeed present in the pus specimen. The cloning method we used provided a semiquantitative evaluation of the relative abundance of each bacterial species, which all represented 11% of the actual bacterial flora.
Direct 16S rDNA PCR amplification and sequencing have seldom been used to circumvent the pitfalls associated with culture-based techniques. Three studies have demonstrated that the results obtained by direct PCR amplification and sequencing for bacterial identification were more sensitive and precise than was phenotypic identification [8, 10, 11] . In particular, the detection of fastidious organisms, such as M. hominis, Gemella morbillorum, A. aphrophilus, and Fusobacterium necrophorum, was more rapid with molecular detection than with culture [8, 10] . In addition, molecular detection identified streptococci in children who received antibiotics prior to brain abscess puncture [11] . Unfortunately, single 16S rDNA PCR sequencing is inadequate for clinical specimens that contain mixed flora; this approach yielded mixed, uninterpretable sequences, as was previously described for brain abscess specimens [8, 10] . Therefore, we used 2 complementary approaches to resolve this issue and to allow for multiple sequencing: 16S rDNA clone library analysis and high-throughput pyrosequencing (in 2 cases). This strategy yielded excellent results, whereas cultures recovered 22 bacteria species and single sequencing identified only 15 bacteria species and 5 mixed populations from 19 positive amplicons. This strategy also facilitated the identification of 1 particularly fastidious bacterium not usually observed by culturing (i.e., M. hominis).
In contrast to single sequencing, multiple sequencing dramatically increased the number of identified bacteria (72 bacteria species, compared with 22 for culture [ ] and 14 P p .017 for single sequencing [ ]). The power of multiple se-P p .048 quencing was demonstrated in patient 10, for whom cultures yielded 2 bacterial species and high-throughput sequencing recovered 16 species. Three species were found by culture alone, including 1 Nocardia species (obtained only by cell culture) and 2 S. epidermidis isolates. We suspect that the latter 2 cases resulted from contamination during the inoculation procedure. Multiple sequencing also identified 3 patients with mixed infections that were not detected by direct sequencing or culture.
We detected anaerobes using only 16S rDNA amplification in 40% of specimens. This potentially represents a flaw in our laboratory, because others have recovered comparatively more anaerobes by culture. Further developments in molecular biology may, in the future, help avoid this problem of fastidious anaerobe isolation. We detected the presence of Mycoplasma species in 25% of the specimens; in 4 of 5 cases, the Mycoplasma species were part of mixed flora abscesses and were not detected by direct sequencing. M. hominis should be regarded as an emerging pathogen in brain abscesses; we detected this species in pus specimens obtained from 2 patients (10%), and detection of this species was also noted in 3 previous reports [8, 30, 31] . M. faucium is even more fastidious [32] and has, to our knowledge, never been reported in brain abscesses. The organisms detected by PCR are most likely not false-positive results, because the negative controls remained negative in all PCR runs. In addition, the detected organisms are not contemporarily known to be general environmental contaminants, and they were not detected in other clinical specimens analyzed at the same time as the brain abscess pus specimens. The observed increase in the repertoire of brain abscesscausative organisms can be linked to molecular evidence for fastidious-and yet-uncultured-organisms (table 3) . We observed 15 sequences that matched with contemporarily uncultured bacteria that had previously been characterized among anaerobic periodontal and intestinal flora. Fourteen sequences belonged to the gram-negative bacilli Bacteroidetes phylum, and 1 sequence belonged to the gram-positive bacilli Firmicutes phylum order Clostridiales. In a previous study of oral flora, it was estimated that ∼50% of the present bacteria were uncultured [33] and belonged to the Bacteroidetes and Firmicutes phyla. High-throughput analyses of the bacteria associated with brain abscess in our study revealed that the flora was even more variable than expected, including 27 bacterial species found in cerebral abscesses that have not been previously reported. Similar results were observed in previous studies that used comparable tools and that investigated other infections, such as endodontic infection, dental caries and periodontitis, and pulmonary infection in patients with cystic fibrosis [16, 17, 34, 35] . Moreover, molecular approaches often permitted us to associate M. faucium [32] with the development of brain abscesses for the first time, because this species was observed in 3 patients. M. faucium is an inhabitant of the primate oropharynx [36] , and it was recently associated with chronic gastritis in Korean patients [37] . Other species that were detected in individual patients are normal inhabitants of the human oral cavity, and they include Campylobacter gracilis [38] , Mogibacterium timidum [39] , Prevotella baroniae [40] , Prevotella tannerae [41] , Peptostreptococcus stomatis [40] , a new Neisseria species [42] , a new Capnocytophaga species that exhibits 99% 16S rDNA sequence similarity with 1 uncultured Capnocytophaga species [38] , and a new Prevotella species that exhibits 97.8% 16S rDNA sequence similarity with Prevotella shahii [43] . Compared with findings from the literature (table 2), 27 of the 49 species observed in our study have never before been reported in brain abscesses.
In conclusion, our investigation has determined that the variety of brain abscess-associated bacterial species is much larger than has previously been reported, and it includes many anaerobes and uncultured bacteria from oral cavity flora. We have confirmed the recently reported role of M. hominis, and we report, for the first time, the role of M. faucium. Additional studies and the data reported herein could potentially direct modifications to current brain abscess antibiotic treatments.
